Abstract-In this paper, a 4 × 4 indoor Multiple-Input MultipleOutput Ultra-Wideband (MIMO-UWB) measurement campaign in the 2-5 GHz bandwidth is presented. The main contribution of this work is the impact of radio-wave polarization as well as the effect of frequency dependence on the capacity of MIMO-UWB systems working in an office environment. To accomplish this, the capacity for different polarizations is analyzed under two different assumptions: constant or variable Signal-to-Noise Ratio.
INTRODUCTION
Ultra-Wideband (UWB) signals are defined as those whose bandwidth is larger than 500 MHz and/or larger than 20% of the central frequency [1] . UWB communications have gained the interest of the research community thanks to its high precision and low transmitted power given rise to many applications such as Body Area Networs (BAN) [2] . However, the regulatory bodies in the United States and Europe have strongly restricted the transmitted power of these systems due to their interference with existent communication systems. These restrictions make necessary a thorough study of the propagation channel in order to achieve the best performance of future UWB devices.
Multiple-Input Multiple-Output (MIMO) systems are considered one of the best techniques to optimize the use of the transmission spectrum and power [3, 4] . This technique benefits from the use of multiple n-dimensional antennas [5] at both sides of the radio interface, so that by using a proper space-time code, either the diversity and/or the throughput can be substantially improved [6] . Furthermore, it has been shown that the use of polarization for spatial multiplexing-based MIMO systems can lead to significant performance improvements, and consequently many researchers have addressed the polarization multiplexing/diversity issue. Indoor channel measurements with dualpolarized or hybrid array configurations have been reported in the literature [7] [8] [9] .
The use of MIMO in UWB systems has been addressed as one possible solution to improve the UWB link robustness or its range [10] as well as the error-rate considerably [11] [12] [13] . In [14, 15] some results on the channel capacity of UWB-MIMO systems are presented. Furthermore, in [16] it was found that polarization diversity is sometimes more effective than temporal multipath diversity, so the required number of rake fingers can be reduced. However, although polarization has been widely analyzed for conventional MIMO systems [17] [18] [19] [20] , there is not much information in the scientific literature about the effect of polarization in MIMO-UWB systems.
In this paper, we report the results of a 4 × 4 MIMO-UWB indoor measurement campaign in the 2-5 GHz band performed at the laboratories of the underground level of one of the buildings of the Technical University of Cartagena. Single antenna parameters as well as multiantenna characteristics are analyzed. The work presented here also presents a comparison with the results obtained for 200 MHz bandwidth [21] , so therefore the channel sounder, antenna arrays and the environment are the same. Therefore, the effect of the increment of the bandwidth (from 200 MHz to 3 GHz) is also taken into account. This paper is organized as follows: Section 2 describes the environment, the MIMO-UWB channel sounding procedure, and the data analysis. Sections 3 and 4 focus on the capacity for constant and variable signal-to-noise ratio (SNR). Finally, Section 5 concludes the findings of this paper.
CHANNEL SOUNDING AND DATA ANALYSIS

Description of the Environment
The measurement campaign was carried out in the underground level of the Technical University of Cartagena. It mainly consists of a 50 m long corridor, three perpendicular corridors, and some labs. A photo of the environment is shown in Fig. 1 and a top view of the selected indoor environment is depicted in Fig. 2 . The walls of this building are made of plasterboard; the floor is made of reinforced concrete, and so is the ceiling. 
Channel Sounder Setup
The MIMO-channel sounder used to perform the measurements is based on a multiport network analyzer (MNA) and a fast switch. The receiving antennas are directly connected to the ports of the MNA. One port of the MNA is configured as a transmitter and connected to an optical link (RF/OF and OF/RF), which carries the signal to the fast switch. Finally, the transmitting antennas are connected to the fast switch, so that the signal from the optical link is transmitted sequentially to each element of the transmitter array. All the measurement procedure is controlled by a laptop as shown in Fig. 3 .
For the UWB measurements, we have used eight Electro-TX RX Figure 3 . Block diagram of the MIMO channel sounder.
(a) (b) Figure 4 . Photo of (a) the antenna used in the experiments and (b) the array installed in the mast.
Metrics omnidirectional mast-mounted antennas (EM-6116), as can be observed in Fig. 4 . These antennas work in the 2-10 GHz frequency band and have been widely used in literature for UWB measurements [22] [23] [24] [25] since they operate in the UWB band. Furthermore, the antennas have 1 dBi gain and an XPD of 12 dB. The power transmitted by each antenna was −13 dBm and the noise was −108 dBm, so the dynamic range of the channel sounder was greater than 90 dB, which was enough to assure a high SNR for most of the measurements.
Due to the limitations of the optical link the maximum frequency that can be measured is 5 GHz. Thus, the channel was sounded from f min = 2 to f max = 5 GHz by measuring 801 frequency points over the BW = 3 GHz bandwidth. Therefore, the resulting frequency resolution is ∆f = 3.75 MHz.
The transmitter is located in two different positions (Tx1, in in the middle of one laboratory, and Tx2 in the corridor) and the receivers have been classified into three groups: M 1 , where the receiver moves across five small consecutive labs (LoS and NLos situations with Tx1), and M 2 , where the receiver moves along the main corridor (LoS with Tx2).
Furthermore, for each position of M 1 , four configurations of the arrays have been measured. If we define V as vertical polarization and H as horizontal polarization for the elements of the array, the mentioned four combinations are V V and HH (also called copolar polarizations) and HV and V H (also called crosspolar polarizations), as can be seen in Fig. 5 , in which the first letter refers to the transmitter and the second to the receiver. Each array is linear and uniformly spaced due to the fact that although it has been reported in literature better performances for non-uniform and non-linear arrays [26] [27] [28] [29] , the aim of this measurement campaign was to compare the results obtained with those deduced in [21] for 200 MHz bandwidth. The large size of the antennas made us to separate the elements of the array at least 4 cm. Therefore, the antenna spacing had to be set to 2λ = 6 cm (with λ referred to the maximum frequency), although smaller spacings can provide higher performances of the MIMO link [28, 29] . Summarizing, corresponding to each position of the receiver on the route and each polarization we define the MIMO frequency domain transfer function, G (n, m, f, t), where n denotes the receiving element of the array, m the transmitting element of the array, f the frequency point within the measured bandwidth, and t the snapshot. We have used n = 4 receiving elements, m = 4 transmitting elements, and f = 801 frequency points. The stationarity of the channel is assured by taking t = 5 snapshots of each measurement, which also improves the SNR of the measurements. Thus, for each position and polarization G is a matrix of dimensions 4 × 4 × 801 × 5.
Data Analysis
We analyze the capacity for the M × N MIMO system that can be obtained from the G matrices as [6] :
where I N is the N × N identity matrix, † represents the conjugate transpose operation, H is the Frobenius normalized G matrix, and SNR is the Signal-to-Noise Ratio at the receiver. Uniform linear arrays having four elements (M = N = 4) have been considered. The capacity over the 3 GHz bandwidth has been averaged for each case. Furthermore, all G matrices having at least one element with a measured SNR of 10 dB or less have been discarded. Therefore, a SNR higher than 10 dB is guaranteed so the noise does not mask the results. The correlation coefficient at each frequency between a pair of antennas of the array is computed as in [30] . With regard to SNR in (1), two cases can be considered. On the one hand, MIMO capacity can be studied by assuming a constant received power. For example, we can consider a receiver which adjusts the received power using an automatic gain control (CAG) amplifier. This result in a constant SNR available in at all positions of the receiver independently of the received power, and the effect of spatial richness is directly observed in the capacity curves. On the other hand, one can think of a system where the transmitted power is fixed and the SNR at the receiver is determined mainly by the path loss. In this case, capacity shows effects related to both the received power and the spatial richness. Consequently, the study of capacity in different environments has been divided into two cases: constant received power and constant transmitted power. The results are presented in the following sections.
CAPACITY FOR CONSTANT RECEIVED POWER
Capacity along the Corridor in LoS
Firstly, we will study the capacity performance in a corridor environment for the group of measurements M 2 in LoS. To accomplish this, we have chosen some significant positions of the receiver: two before the T junction, the third in the T junction, and the last one at the end of the main corridor, that is, when the receiver is in the positions 1, 6, 13, and 21 of M 2 . The CCDF (Complementary Cumulative Distribution Function) of the normalized capacity (for an SNR of 10 dB) for all polarizations has been computed and results are summarized in Table 1 for a probability of 90%. Table 1 . Correlations, and capacity for SNR fixed at 10 dB when probability > 0.9 in corridor scenario. In this scenario, the copolar configurations outperform the crosspolar ones. The same effect was observed in LoS for 200 MHz bandwidth [21] . The highest capacity is provided in the position next to the T junction (position 3, Rx3 = 26 m), where the lowest correlation coefficient is also given. This behavior is a consequence of the multiple reflections coming from the corridor on the left.
Furthermore, the capacity for HH, V V , HV , and V H at the end of the corridor tends to converge due to a depolarization of the radio waves along the corridor [31] .
Capacity across the Laboratories
Next, the capacity for constant received power in the laboratories' conditions will be studied by analyzing the group of measurements M 1 . Again, the CCDFs of capacity in each laboratory (room) have been computed and the results are summarized in Table 2 for a probability of 90%. In Room 1 the receiver is in LoS with the transmitter, while in Rooms 2 and 3 the receiver is in NLoS. It should be noted that after the second and third walls only some points of HH and V V polarizations meet the SNR requirements described in Subsection 2.3. Therefore, results for those points are not presented.
The way in which capacity increases with the number of walls penetrated can be observed. Thus, the highest values of capacity correspond to the furthest laboratory (room 3) for all polarizations. Consequently, this performance also corresponds to a decrease in the correlation coefficient with distance. Besides, the crosspolar polarizations present higher capacity than copolar ones, in contrast to the performance in LoS (M 2 ). This also agrees with the results provided in [21] for 200 MHz bandwidth, where in NLoS crosspolar polarizations outperform the copolar configuration.
CAPACITY FOR CONSTANT TRANSMITTED POWER
Capacity along the Corridor in LoS
Next, we will study the performance of the capacity in a corridor environment for the group of measurements M 2 in the case of constant transmitted power, that is, in the case of using the measured SNR in the receiver. To fairly compare the performance of the capacity for the two groups of measurements, we have chosen a reference point corresponding to a SNR of 10 dB for the V V configuration at the end of the corridor (last position of M 2 ), where the lowest value of received power was found. An extra threshold of 10 dB above such a level was also added. The measured XPD in this environment is around 7.5 dB [31] .
The way in which capacity decreases exponentially with distance as SNR does can be observed in Fig. 6 . In this case, the effect of the SNR is much higher than that which comes from the correlation. Therefore, in this scenario, capacity is clearly higher for copolar polarizations although capacity for all configurations tends to converge at the end of the corridor due to the depolarization of the radio waves with distance [31] . 
Capacity across the Laboratories
Secondly, the capacity for constant transmitted power (SNR variable) will be analyzed. In this case, the variable SNR is referred to the measured SNR for V V polarization in the last room (just before wall 4). In Fig. 7 the capacity for the group of measurements M 1 is depicted. After the second and third walls only some points of HH and V V polarizations meet the SNR requirements, so results for those points are not presented. Since SNR decreases in the same manner as path loss, capacity decreases with distance and exhibits strong decrements after each wall. Again, this performance of the capacity was observed for 200 MHz bandwidth in [21] .
Furthermore, as in the corridor scenario, copolar configurations outperforms crosspolar ones due to the fact that the effect of the SNR dominates over the effect of correlation, although the channel is highly decorrelated.
A similar behavior of the capacity was observed for 200 MHz bandwidth in [21] .
CONCLUSION
In this paper, results from an indoor 4 × 4 MIMO-UWB measurement campaign in the 2-5 GHz band have been reported. The capacity of the 4 × 4 MIMO-UWB system was analyzed in different environments for different polarizations (HH, V V , HV , and V H) under two different hypotheses: the first one, in the case of constant received power (constant SNR) and the second one in the case of constant transmitted power (variable SNR).
In the case of constant SNR, the capacity for the copolar configurations (V V and HH polarizations) in LoS conditions was found to be higher than for the crosspolar ones. However, the contrary behavior was found when the receiver was in NLoS with the transmitter.
In the case of variable SNR, the capacity was strongly influenced by the SNR and the XPD. Thus, in this more realistic case, use a crosspolar configuration does not provide any improvement on the system capacity. Furthermore, the effect of SNR dominates over the effect of correlation due to the fact that although correlation is higher in NLoS for crosspolar configurations, the capacity is lower due to a lower SNR. Thus, copolar configuration would be the more suitable configuration in a real system.
Finally, it can be also remarked that the same behavior of the capacity was found in a similar analysis performed in [21] for 200 MHz bandwidth.
